In QFT the off-shell processes do not preserve the Energy Momentum Tensor (EMT). If one imposes the EMT to be fixed through off-shell processes, then a graviton-like quantum field appears without dynamics. Its dynamics are generated through quantum corrections. This Fixed Off-Shell Energy Condition (FOSEC) in general implies the appearance of linear gravity, and in special cases the full Poincarè gauge theory. It is shown that imposing the FOSEC in QFT is enough for a viable quantum theory of gravity to emerge.
Introduction
The quantization of gravity remains to be one of the most important problems to be solved in theoretical physics. The fact that the standard quantization approach does not work, suggests that the nature of gravity is not the same as the other forces. One of the approaches is not to assume gravity as a fundamental force but as an emergent phenomenon [1] [2] [3] [4] [5] . In this approach, the gravitational degrees of freedom emerge from the dynamics of more fundamental ones.
The emergence of gravity can happen at different levels, depending on which structure is obtained [6] . Since the standard theory for gravity is General Relativity (GR), one approach is to look for the emergence of the spacetime curvature from flat spacetime processes. Once the curvature emerges, its dynamics can be induced through quantum processesà la Sakharov [7, 8] . Any acceptable theory should resemble GR in some limit [9] .
In GR the source of the curvature is the Energy Momentum Tensor (EMT), which exists in gravitational as well as non gravitational theories. This makes it the natural object to study when thinking on the emergence of gravity [10] .
The EMT is a conserved quantity due to the translation symmetry of a system. One curious fact of the EMT is that in QFT, off-shell field configurations do not conserve it. This is usually disregarded since off-shell processes are, by definition, non observable.
The aim of the paper is to explore the consequences of fixing the EMT through off-shell processes. It is shown that imposing the Fixed Off-Shell Energy Condition (FOSEC) is equivalent to adding a graviton field from which the full theory of gravity can be induced.
The outline of the paper is as follows: in section 1 the implications of the FOSEC are worked out, showing it is equivalent to adding a graviton without dynamics. In section 2 it is shown how the graviton dynamics are inducedà la Sakharov. In section 3, it is shown that in special cases the FOSEC can generate the full Poincarè gauge theory, which contains GR as a subset. In section 4 it is discussed the equivalence of the FOSEC to gravity as an emergent phenomenon and how it circumvents some of the usual problems of quantum gravity.
Fixed off-shell EMT
The EMT arises from the translation invariance of a lagrangian
where Ψ represents an arbitrary field which the lagrangian L functional is dependent upon. This is the canonical definition, which is not necessarily symmetric nor gauge invariant but can be made so by adding an identically conserved superpotential term [11] T
The observable field configurations, on-shell, comply with their corresponding equations of motion. The ones that do not comply with them are the non observable virtual particles called off-shell field configurations. The EMT is conserved
when the equations of motion are fulfilled (when the term inside ellipsis vanish). Therefore off-shell field configurations do not conserve EMT. This is disregarded as a problem since they are not observable. It would be interesting to build a theory that conserves the EMT even through off-shell processes.
All the physical observables can be obtained from the partition function
which is a functional integral over all possible field (on and off-shell) configurations. We can limit the range of the integration by requiring it to run only over field configurations that have the same EMT as the on-shell one
where T µν (Ψ) is the functional EMT of the fields Ψ while T 0 µν = T µν (Ψ) is a function defining the total energy-momentum of the specific considered system. This way the functional integral is evaluated only with field configurations that have their EMT fixed to be T 0 µν , and complying with the FOSEC.
Using the functional integral
we can rewrite the partition function
where there is an arbitrary coupling constant which can be reabsorbed into the h µν . This shows that the FOSEC is equivalent to adding a quantum field h µν coupling to the original fields through their EMT, just as a graviton would. There is an integration over h µν , as there would be for any quantized field but there are no dynamical terms for it.
Scalar fields
The lagrangian of a complex scalar field φ in flat spacetime can be written as
where η µν = diag(1, −1, −1, −1) is the Minkowsky metric and V is the scalar potential. The symmetric EMT of the complex scalar field is
The FOSEC effective lagrangian is
where h = h µν η µν . By defining the metric
and keeping only the linear terms
with g = det(g µν ), this allows the effective lagrangian to be written as
Thus showing that the effective lagrangian of a scalar field complying with the FOSEC is equivalent to the scalar field lagrangian in a curved spacetime (with a general source term T 0 µν ) up to a linear order.
Gauge vector fields
The lagrangian for a gauge vector field A µ is
where
The FOSEC complying lagrangian is
which again coincides with the linearization of the gauge vector field lagrangian in a curved space
Fermions
The lagrangian of a spin 1/2 fermion ψ is
with the canonical EMT [12] T
As done before, this new lagrangian is the one of linearized gravity with no dynamic term for the graviton. The usual curved lagrangian for a fermion involves a first order formalism, using the vierbein instead of the metric
and it involves the spin connection Ω µ . The curved spacetime lagrangian for a fermion is
When linearizing as usual g µν = η µν + h µν , the euivalence holds [13] 
since the effects of the connection appear until the next order.
Generalization
Imposing the FOSEC is equivalent to introducing an auxiliary field h µν resembling the graviton without dynamical terms. In general the linearization of a lagrangian of an arbitrary field (or collection of fields) Ψ in curved space is
where the functional derivative over g µν is the Einstein-Hilbert EMT and it is equivalent to the symmetrized canonical EMT [11] .
The conservation of the EMT is a consequence of translation invariance of the lagrangian by
with ξ µ an arbitrary constant vector. By adding the h µν field, this global symmetry is upgraded to a local one with the gauge transformation
which are known as the diffeomorphism transformations. All lagrangians obtained through the FOSEC, as in eqs. 7,24, are invariant under this local symmetry [14, 15] .
Global to local symmetry
Following Noether's theorem, if a lagrangian is invariant under a continuous transformation,
then there exists the conserved current
where the second term is just the canonical EMT. Let the lagrangian of the fields Ψ, have a global internal symmetry corresponding to a Lie group G with generators T a (where a runs through the algebra indices). A field in the fundamental representation would transform as
where the α a are arbitrary constants. This symmetry implies the conservation of the vector current j a µ = iT a δL δ∂ µ Ψ .
If now this current is required to be fixed through off-shell processes to be J a0 µ , then
where g is an arbitrary constant which becomes the gauge coupling. This is equivalent to changing derivatives to covariant gauge derivatives through the minimal coupling, up to linear order.
It has been shown that starting from a lagrangian with a global symmetry and imposing the vanishing (J a0 µ = 0) of its conserved current off-shell, generates a gauge theory up to linear order in its coupling g.
Induced dynamics
By imposing the FOSEC, effectively a quantum field h µν is added to the lagrangian with no dynamical terms. Through the heat kernel expansion methods, the dynamic terms for that field are induced at one loop order as [16] [17] [18] [19] [20] 
where the M P is a mass scale which defines the Planck scale and Λ the cosmological constant. This is the same result one would obtain by looking at the symmetry of the lagrangian and adding higher order terms that comply with that symmetry, which in this case is the diffeomorphism symmetry [21, 22] . The term A 2 from eq. 32 is the the usual dynamical term for a spin 2 field with diffeomorphism symmetry, i.e. the standard graviton [23] .
Starting with other global symmetries described in section 1.4, at the next order it is generated the term
which is the usual dynamical term for a gauge theory, that was absent from the original lagrangian, therefore having now an induced gauge theory [24] .
Not only the dynamical terms are generated but also the coupling constants are fixed from the constants of the original theory [25] . In models with the diffeomorphism and scale invariance, coupling constants are calculable from the constants of the original theory [26] [27] [28] [29] [30] . Specifically in this setup, the T 0 µν defines the coupling constants of the induced dynamical terms. Thus emerges a calculable effective action for quantum gravity [31] .
Poincarè gauge theory
It has been shown that imposing the FOSEC into a lagrangian is equivalent to adding a graviton whose dynamics are induced through quantum corrections. The graviton field can be generalized into the full GR by imposing further self-coupling conditions [32] [33] [34] . In special cases, the full GR can be obtained from the start.
Scalars without a potential
If the original theory is a scalar without a potential
that with the FOSEC it becomes
The substitution
transforms the FOSEC lagrangian (noting that the measure also changes Dh → |g|Dg)
where the first line is equivalent to the lagrangian for the scalar in curved spacetime. Scalars have no intrinsic angular momentum so the lagrangian does not involve any connection.
The induced dynamic term would be [17, 19, 20 ]
which generates full GR. Since the Ricci scalar comes completely from g µν , there is no torsion nor nonmetricity generated.
Gauge vector fields
Starting from the FOSEC lagrangian
and doing the substitution
which changes the measure Dh → |g| 3/2 Dg, the lagrangian becomes
where the first line is the gauge vector field lagrangian in curved spacetime. It does not involve a connection due to the antisymmetric nature of the lagrangian and the requirement of no torsion, since it breaks gauge invariance. This again would induce the dynamic term in eq. 38, and generate full GR [17] [18] [19] . There would be no torsion nor nonmetricity generated.
Massless fermions
In section 1.4.1, it was shown that a gauge theory, up to linear order, can be obtained from a theory with global symmetry by requiring the off-shell vanishing of its conserved current. In the case of a fermion lagrangian, the gauge coupling is only linear so the full gauge theory is obtained.
When considering fermions, the FOSEC should be enhanced with the requirement of a fixed angular momentum tensor, which are independent due to the non trivial Lorentz representation of the fermions. This would generate the full T 4 SO(3, 1) Poincarè gauge theory which has the full GR as its subset [35] [36] [37] .
The lagrangian of a massless fermion ψ is
where the spacetime indices µ are differentiated from the spin ones a. Applying the FOSEC through the EMT
generates the lagrangian
The angular momentum tensor has an orbital part which is fixed off-shell if the EMT is. The spin tensor is independent from the EMT and it can be required to be fixed off-shell too. It will be required that both the EMT and the spin tensor be fixed off-shell simultaneously. This is done by fixing the spin tensor of the FOSEC fulfilling lagrangian from eq. 44, which is
Requiring this tensor to vanish off-shell yields the lagrangian
where ω µab is the spin connection whose integration generates the requirement that S µab vanishes. It is multiplied by an arbitrary constant chosen to be i/4 to resemble the spin connection in curved spacetime. The e µ a can be redefined as
which changes the measure De → Dẽ up to an irrelevant constant. The lagrangian can be rewritten as
which is already equivalent to the curved space fermion lagrangian with the Goldberg variablesẽ µ a = |e|e µ a [15] . The measure changes Dẽ → |e|De, so that the lagrangian becomes
whose first line is the standard fermion lagrangian in curved space as in eq. 22 with no dynamical terms for e µ a , ω µab . Furthermore the tetrad field is independent of the spin connection. This is in general true since the spin connection fully contains the information of the torsion and nonmetricity, which are not related to the metric. There are no reasons to assume any of them vanishes. The existence of an independent gauge symmetry would forbid the appearance of torsion.
The induced dynamical terms are [19, 20] 
The equations of motion of ω µab , at this order, fix it to be
relating the connection to the metricà la Palatini. However this relation happens only at first order. Since there are higher order terms even at 1 loop level, the actual relation would be
where w µab is related to torsion and nonmetricit,y whose invariant dynamical terms are also induced and are included in the terms of eq. 50 [20, 38] .
It was shown that a lagrangian with a massless fermion and the FOSEC, together with the off-shell vanishing of the spin tensor, generates the full Poincarè gauge theory which has GR as a subset.
Emergent gravity
Requiring the FOSEC on a lagrangian implies the addition of linear gravity to that lagrangian. In special cases the complete Poncarè gauge theory appears [35, 39, 40] . The dynamics of the fields fulfilling the FOSEC are equivalent to the dynamics of the fields in curved spacetime, i.e. under the influence of gravity. Therefore gravity-like effects emerge from imposing the FOSEC. Being an effective theory, it contains higher order terms besides GR, but are naturally suppressed and avoid any inherent problems [41] .
All the gravitational coupling constants are induced from the original theory. In specific theories, this gravitational constants are calculable from the ones of the original theory (incluiding T 0 µν ) [28] . This would solve the problem that the quantization of GR requires infinite arbitrary coupling constants (i.e. non renormalizable), by relating them to the finite number of original coupling constants and the fixed T 0 µν of the whole system, i.e. the universe.
An usual problem for adding spin 2 particles into a model is that they must comply with Weinberg-Witten theorem. It states that, if there are massless spin 2 states |p , |p , then lim p →p
which forbids non graviton spin 2 particles [42, 43] . This theorem does not apply to the graviton emerging from the FOSEC. When matter is off shell, the EMT is already conserved and no emergent gravitons are necessary. The theorem is avoided in this setup since there are no on-shell |p states for the emergent graviton.
The dynamical terms are generated as in Sakharov's induced gravity, but lacking its usual problems [20] . The main one being the assumption of an arbitrary curved spacetime without dynamics for no reason. Here the actual spacetime is always flat but the dynamics of the field change (through the FOSEC) so that they behave as if they were on a curved spacetime. Even though the mathematical structure is the same as in curved spacetime, the emergent metric is not related to the spacetime curvature but to a change in the behavior of the off-shell field configurations to maintain the FOSEC. It is the FOSEC that implies curvature to emerge in the quantum vacuum and not in the actual spacetime. Therefore this curvature emerges from a purely quantum process, reminiscent of the ER=EPR idea [44] .
An emergent theory of gravity has been obtained, where the underlying theory lies in flat spacetime and imposing the FOSEC changes quantum vacuum by limiting the available off-shell configurations. The FOSEC creates the same effect as having a quantized metric of a curved spacetime [45] .
Conclusions
It has been shown that requiring the FOSEC on a general lagrangian implies the appearance of a graviton without dynamics. The dynamical terms are inducedà la Sakharov through quantum corrections. This has been explicitly shown for a lagrangian with a complex scalar, a fermion and a gauge field. In general the FOSEC implies the emergence of linear quantum gravity.
In the case of a massless fermion, the FOSEC, together with the off-shell vanishing of the spin tensor requirement, implies the appearance of the full Poincarè gauge theory.
In the case of scalar without potential or a pure gauge vector lagrangian, GR can be obtained with a quantized metric. All dynamical terms are obtained through quantum corrections. This induces gravityà la Sakharov but does not need any prior assumption on the spacetime geometry, which always stays flat. The emergent metric arises from the changes of the off-shell configurations, when complying with the FOSEC. Although the metric is mathematically equivalent to the one that comes from curved spacetime, conceptually it originates from a modification in the quantum behavior of the original fields. This way, a quantized graviton emerges, whose non-renormalizable couplings are all effectively calculable from the original theory and the EMT of the original system. Furthermore this emergent graviton evades the Weinberg-Witten theorem.
It was shown that imposing the FOSEC on a lagrangian, causes a quantized gravity-like metric field to emerge in that lagrangian. The spacetime is always flat and imposing the FOSEC implies the emergence of a quantized metric whose curvature describes modifications on the quantum vacuum that drive off-shell processes. Therefore imposing the FOSEC implies an emergent quantum gravity.
